The crystalline structure of a cocrystal comprising ammonia borane (AB) and a short-chain polyethylene oxide (PEO or PEG) has been determined by single-crystal X-ray diffraction. The components interact via hydrogen bonds between each of the hydrogen atoms at the NH 3 end of the AB molecules and alternate oxygen atoms along the PEO backbone. The PEO chains in the structure exhibit an unusual conformation where their curvature reverses every 5 monomers, such that the polymer snakes through the crystal. This is the first time that an AB composite material has been determined to be a cocrystal, and no structure determination of a cocrystal to confine AB has been reported before.
Introduction
Ammonia borane (AB), NH 3 BH 3 , is widely recognised as a leading hydrogen storage material. By weight, AB is rich in hydrogen (19.6 wt% H 2 ) and, coupled with low dehydrogenation temperatures and promising recycling routes, 1 it is clear to see why it has become a particularly attractive material for the study of mobile hydrogen-powered applications. However, the implementation of AB as a hydrogen storage material has been hindered by the presence of an incubation period prior to hydrogen release, foaming during hydrogen release, and the production of volatile by-products such as ammonia, diborane, and borazine, which poison the sensitive catalysts in hydrogen fuel cells. To improve the hydrogen release characteristics of AB, researchers have successfully used nanostructuring and nanoconfinement techniques [2] [3] [4] [5] [6] [7] [8] as well as chemical additives such as metal-containing [9] [10] [11] [12] [13] [14] [15] and non-metal-containing [16] [17] [18] [19] [20] [21] species. Polymer composites are a particularly attractive option to implement these approaches, since polymers can be cheap and lightweight. To date, polyĲmethyl acrylate), 22 polyĲmethyl methacrylate), 23 polyĲvinyl pyrrolidone) 24 and polyacrylamide 25 composites have been successfully produced with AB. These materials combine confinement effects and chemical interactions between AB and oxygen-containing functional groups within the polymer to improve the properties of the hydrogen storage material. Cocrystals are unique crystalline arrangements of two or more molecular components with a fixed stoichiometry and properties which differ from those of the parent species. The components interact via weak non-covalent interactions such as hydrogen bonding, van der Waals or electrostatic forces. 26 This paper reports the structure of a cocrystal comprising AB with short-chain PEO showing a novel conformation of molecular assembly for PEO chains. This combination was discovered when investigating a range of AB-PEO composites for hydrogen storage applications. 41, 42 The combined effect of chemical interactions and physical confinement in cocrystals has potential for modifying the hydrogen release characteristics of AB. The crystal structure represents the first in polymer-based solid-state cocrystals for potential use in hydrogen storage. Indeed, a search of the Cambridge Crystallographic Database showed no examples of cocrystal structures with PEO chain lengths greater than 12 monomers.
Results and discussion
The crystals obtained exhibit the morphology of thin, truncated oval-shaped platelets ( Fig. 1 and S1 †). The motif in the unit cell ( Fig. 2 ) resembles a 5-oxygen crown-ether curved around the nitrogen-end of an AB molecule, with a hydrogen bond between each of the protic hydrogen atoms at this end and alternate oxygen atoms on the PEO backbone. This makes the ratio of PEO monomer (EO) to AB molecular ratio 5 : 1. This molecular arrangement matches the DFT-predicted geometries of AB with tetraethylene glycol dimethyl ether (AB·T4EGDE), which was found to be an effective promoter of AB dehydrogenation. 43 Given the molecular weight of 1500
Da used here, the mean PEO backbone length is around 34 ethylene oxide (-CH 2 CH 2 O-) units. 35 (Fig. 3) , or 12.3 wt% AB. This makes the overall gravimetric density of releasable hydrogen in this material 2.41 wt%.
The cocrystal forms a monoclinic crystal structure in space group P2 1 /n, with unit cell dimensions a = 8. (Tables S1-S6) . Previous work on composites of AB and PEO found that a new crystalline phase is formed when AB and a high molecular weight PEO (2 000 000 Da) are combined using both coelectrospinning 41 or freeze-drying 42 methods of production.
The calculated powder X-ray diffraction pattern of the cocrystals in the current work (Fig. S2 †) differs from that of this previously observed crystalline material, 42 indicating that the AB-PEO system has the capability of forming different polymorphs. Unfortunately, the crystallite sizes of the other unknown crystalline form have been very small, so it has not been possible to isolate them for single-crystal analysis (Fig.  S3 †) . Polymorphism has been observed in other PEO-guest cocrystals, for example in the PEO-2-methyl resorcinol system, 28 stable cocrystals exist for PEO : guest molecular ratios of 7 : 2 and 2 : 1. The polymorphism observed for AB-PEO materials is a highly promising prospect for the discovery of interesting new cocrystals for hydrogen storage.
The nature of the interaction between host and guest molecules in cocrystals dictates how they can form; intercalation of a guest molecule by diffusion into the host unit cell is possible for components which interact with weak van der Waals or electrostatic interactions. However, for stronger hydrogen bonding interactions, cocrystals can only form when the host unit cell is destroyed by melting or dissolution and the cocrystal re-crystallised from the melt or solution. 27 This method of formation of cocrystals occurs in the AB-PEO system; the structure reported herein formed via a melt at the interface of the two parent powders at room temperature, due to a so-called submerged eutectic. 26 The other AB-PEO polymorph has also been produced successfully by this method using the same and higher molecular weight PEO, and also by solution methods in co-electrospinning 41 and freeze-drying processes. 42 The PEO chain confirmation in this cocrystal structure is unusual. In pure PEO, PEO chains are observed to occur in 7 2 helices -seven turns every two unit cells -along the c axis. 35 showing the snake-like coils of the polymer structure.
PEO molecules have also been observed to adopt a planar zigzag modification when stretched. 45 In PEO-containing cocrystals, the PEO chain confirmations are more varied, for example 7 2 in which the Li + is coordinated by the O atoms in a folded polymer chain. Herein, the reported cocrystal motif (Fig. 2) involves 5 PEO monomers per AB molecule. The symmetry of the crystal is such that the curvature of the PEO molecule reverses in adjacent motifs, meaning the polymer molecules snake through the structure (Fig. 4) . Starting from the C1 atom, the PEO chain conformation pattern is [t−gt t+gt t−gt t+gt xtt], where x is −110°. This last group of three torsion angles is the pattern which allows for the reversal of curvature of the next section of the crystal motif. The full table of torsion angles may be found in the ESI, † Table S6 . To our knowledge, a conformation pattern like this has not been seen in other PEO cocrystals.
The polymer chains lie along the b direction within the crystal structure and form sheets within the ab-plane that stack along c (Fig. 4) . The interactions along c are very weak, and consequently crystals are expected to be very thin along this direction (Fig. 1) . The B-N bond distance in the crystal is 1.594(3) Å. This compares to the literature value of 1.58(2) Å in the orthorhombic AB crystal measured at 200 K and 1.597(3) Å in the tetragonal phase, both from neutron diffraction. 51, 52 Within the errors of measurement, it is not possible to say whether coordination with PEO in the cocrystal results in a change in the B-N bond length compared to AB crystals, although it might be expected to increase in length due to the presence of the hydrogen bonds, as predicted by DFT calculations. 43 
Conclusions
This is the first reported crystal structure of an AB-PEO cocrystal. Unusually, the PEO chain bends around the NH 3 end of the AB molecule, with one hydrogen bond per protic hydrogen atom bonding to alternate oxygen atoms on the PEO backbone. Previous work 42 has shown that the combination of high molecular weight PEO with AB produces a cocrystal phase with a lower melting temperature than either of the two parent components and considerably reduced hydrogen release temperatures compared to pure AB. The improvement in the performance of these composites has been attributed to the enhanced rates of the dehydrogenation reaction pathways facilitated by the hydrogen bonding found in the cocrystal. However, this reported cocrystal contains a relatively low gravimetric density of releasable hydrogen compared to US Department of Energy's target for on-board hydrogen storage systems. 53 Nevertheless, the crystal engineering of polymer-based cocrystals represents an interesting new tool in the researcher's toolbox for finding novel materials for energy storage applications.
Experimental
PEO with molecular weight 1500 Da (CAS number 25322-68-3, Sigma Aldrich) and AB (97%, Boron Specialities) were used without further purification. Powder samples of each (approx. 0.1 g) were placed adjacent on a glass microscope slide and left to interact under ambient conditions. Upon checking the slide after 10 months, single crystals were clearly evident using light microscopy in transmission mode with a crosspolarised filter (Fig. 1) . A single crystal was selected and the structure at 150 K was determined using an Agilent SuperNova diffractometer. To permit direct comparisons with ambient powder X-ray diffraction data, a second crystal was selected several weeks later for structure determination at 295 K. Further details of all experiments are available in the ESI. †
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